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Abstract 
In this study, ferratrane was used as a precursor to prepare iron oxide material via a sol–gel-hydrothermal process for 
supercapacitor applications. The mixed solution of ferratrane precursor and de-ionized water was transferred into a Teflon-lined 
stainless steel autoclave and kept at a constant temperature of 200 °C for 6 h. The as-prepared powder was annealed at 500 °C for 
2 h under an ambient atmosphere. The as-prepared and annealed samples were characterized by X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) techniques. The as-prepared powder has a 
single phase of cubic magnetite (Fe3O4) and then can be transformed into rhombohedral hematite (D-Fe2O3) by annealing at 
500°C for 2 h. The electrochemical properties of the resultant D-Fe2O3 nanoparticles were evaluated by cyclic voltammetry (CV) 
and galvanostatic charge–discharge in a three-electrode cell. The D-Fe2O3 nanoparticles showed the highest specific capacitance 
of 532.80 F/g at the current density of 1 A/g and the highest energy density of 74.00 Wh/kg at the power density of 0.50 kW/kg. 
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1. Introduction 
Nowadays, electrochemical supercapacitors have attracted considerable attention because of their unique 
characteristics, such as high power density, fast charge–discharge, and long lifetime. Therefore, they can be served 
as energy storage devices in many industrial fields. Supercapacitors can be classified according to their energy 
storage mechanisms into two categories: electrochemical double-layer capacitors (EDLC) and redox supercapacitors 
or pseudo-capacitors. The EDLC is based on the charge separation at the electrode–electrolyte interface in high 
surface area materials. The second type of electrochemical supercapacitor is called pseudo-capacitor or redox 
supercapacitor relying on the faradaic redox reaction of surface species at the electrode–electrolyte interface. Among 
various materials, hydrous ruthenium oxide has shown the excellent supercapacitors and possesses a specific 
capacitance of more than 700 F/g in sulphuric acid electrolyte at a scan rate of 2 mV/s. However, its commercial 
application is limited due to high cost and toxicity [1–3]. 
Iron oxide was considered as a potential material for supercapacitor electrodes because of its low cost and non-
toxic nature [4,5]. Xie K. et al. fabricated hematite (D-Fe2O3) nanotube arrays from an anodization method and their 
specific capacitance was 138 F/g at a current density of 1.3 A/g [6]. Shivakumara S. et al. synthesized porous 
flower-like D-Fe2O3 nanostructures via an ethylene glycol mediated self-assembly process. The obtained D-Fe2O3 
showed a discharge capacitance of 127.0 F/g at a current density of 1 A/g [7]. Chen J. et al. reported that the 
magnetite (Fe3O4) films prepared on the surface of stainless steel foil (1.5 cm × 1 cm) by a hydrothermal process 
exhibited a specific capacitance of 118.2 F/g under the current of 6 mA [8]. 
Recently, ferratrane, a novel alkoxide of iron metal with triethanolamine ligands, was successfully synthesized 
via the oxide one-pot synthesis process (OOPS) and can be employed as a precursor for iron-based oxide materials 
by sol–gel method [9]. The presence of triethanolamine ligands is hydrolytically stable in air, thus yielding more 
controllable chemistry and minimizing special handling requirement. Hence, it is a promising candidate for use in 
ceramic and composite processing. In this study, we extend the efforts to prepare iron oxide nanoparticles from 
ferratrane precursor by a sol–gel-hydrothermal method. The as-prepared and annealed powders were examined by 
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). 
The electrochemical performance was also characterized by cyclic voltammetry (CV) and galvanostatic charge–
discharge in a three-electrode cell. 
2. Experimental details 
2.1. Sample preparation 
The synthesis of ferratrane precursor was carried out according to our earlier investigation [9]. Briefly, iron 
hydroxide, triethanolamine (99.0%, Carlo Erba Reagent), and triethylenetetramine (60%, Acros Organics) were 
stirred vigorously in ethylene glycol (99.5%, Carlo Erba Reagent). The reaction was heated to the boiling point of 
ethylene glycol under nitrogen atmosphere to remove water formed as a by-product from the system. After heating 
for 2 h, the solution eventually turned clear indicating that the reaction was complete. The mixture was cooled to 
room temperature. 
Iron oxide powders were then prepared by sol–gel-hydrothemal process. The ferratrane (12 ml) was added to 31 
ml of deionized water under mild stirring and followed by vigorous mixing for 10 min. The mixed solution was 
transferred into a Teflon-lined stainless steel reactor, sealed, and then heated at 200 °C for 6 h. The autoclave was 
subsequently allowed to cool to room temperature. The as-synthesized black powder was collected, centrifuged, 
washed with distilled water and ethanol, and then dried in an oven at 70 °C. To compare the effect of post-synthesis 
heat treatment on the nanoparticle properties, the as-synthesized sample was annealed at 500 °C in ambient air for 2 
h and the red powder was obtained. 
2.2. Characterization 
The phase composition and the change of crystal structure of the as-prepared and annealed powders were 
characterized by X-ray diffraction (XRD) using a Rigaku miniflex II diffractometer with Cu KD radiation (O = 1.542 
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Å) and Fourier transform infrared spectroscopy (FTIR) using a Bruker instrument (Vertex70) with a resolution of 4 
cm–1 in the region of 4000 – 400 cm–1. The oxidation behavior of the as-prepared sample was investigated using 
simultaneous differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) (a Mettler Toledo 
TGA/DSC1 STARe System) under oxygen atmosphere at a heating rate of 10 qC/min. The sample was first heated 
from 50 °C to 500 °C and then kept isothermally at 500 °C for 3 h. The morphology of the samples was examined 
using scanning electron microscope (SEM, Hitashi S3400N). 
The electrochemical properties of the annealed sample were tested using cyclic voltammetry (CV) and 
galvanostatic charge–discharge measurements on a potentiostat in a three-electrode cell with a liquid electrolyte of 
0.25 M sodium thiosulphate (Na2S2O3) solution. A platinum wire counter electrode and an Ag/AgCl reference 
electrode were used. For the working electrode, the annealed powder was mixed with 10 wt% poly(vinylidene 
fluoride) (PVDF) in dimethylformamide (DMF) solvent to form a viscous slurry. The slurry was coated on stainless 
steel wire mesh (SUS 304) and dried. The active area was a square of 0.5 cm u 0.5 cm. The specific capacitance can 
be obtained from the CV curves according to Eq. (1) [10] or from the charge–discharge curves according to Eq. (2) 
[11]. 
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The energy density (E) and power density (P) were calculated by the following equations [11]: 
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where Cs is the specific capacitance (F/g), I is the current (A), m is the mass of active electrode (g), Q is the scan rate 
(mV/s), 'V is the potential window (V), E is the energy density (Wh/kg), P is the power density (W/kg), and t is the 
discharging time (s). 
3. Results and discussion 
The XRD patterns of the as-prepared and annealed powders are illustrated in Fig. 1. The as-synthesized powder 
from the sol–gel-hydrothermal shows the single phase of Fe3O4 formed (Fig. 1(a)). The observed peaks at 2T around 
30°, 35°, 37°, 43°, 53°, 57°, and 63° can be assigned to cubic Fe3O4 (JCPDS card no. 01–088–0315) with the lattice 
planes of (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), and (4 4 0), respectively. Fig. 1(b) shows the XRD pattern 
of the as-synthesized Fe3O4 powder subjected to annealing at 500 °C for 2 h under ambient atmosphere. After heat 
treatment, the cubic phase of Fe3O4 was then converted to a pure rhombohedral phase of D-Fe2O3. The diffraction 
peaks of the annealed powder at 2T = 24°, 33°, 35°, 41°, 50°, 55°, 63°, and 65° indicate the single-phase Į-Fe2O3 
with rhombohedral structure (JCPDS card no. 00–033–0664) with the lattice planes of (0 1 2), (1 0 4), (1 1 0), (1 1 
3), (0 2 4), (1 1 6), (2 1 4), and (3 0 0), respectively. The crystallite sizes of the as-prepared and heat-treated powders 
were determined using Scherrer’s formula [12] from the (3 1 1) diffraction peak for cubic Fe3O4 phase and the (1 1 
0) diffraction peak for rhombohedral D-Fe2O3 phase, respectively. The slight difference in crystallite size between 
the as-prepared powder (32.0 nm) and the annealed powder (30.4 nm) indicated that post-synthesis heat treatment 
did not have a significant influence on the crystallite size. On the other hand, the post-synthesis heat treatment 
significantly affected the phase transformation from cubic Fe3O4 to rhombohedral D-Fe2O3. 
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Fig. 1. XRD patterns of (a) as-prepared powder and (b) annealed powder. 
 
FTIR analysis was used to further confirm the phase change from Fe3O4 to D-Fe2O3 during the post-synthesis heat 
treatment. The FTIR spectra of the as-synthesized and heat-treated powders are shown in Fig. 2. The absorption 
peak observed at 567 cm–1 (Fig. 2(a)) belongs to the stretching vibration mode of Fe–O bonds in Fe3O4 for the as-
prepared powder [13,14]. Meanwhile, the annealed powder shows two absorption peaks at 470 cm–1 and 548 cm–1 
assigned to Fe–O vibration in D-Fe2O3 [13,14], as illustrated in Fig. 2(b). 
 
 
Fig. 2. FTIR spectra of (a) as-synthesized powder and (b) heat-treated powder. 
 
A simple isothermal TGA and DSC runs give experimental data on the heat treatment time at a given temperature 
(500 °C) for the complete oxidation of Fe3O4 to D-Fe2O3. The oxidation of Fe3O4 to D-Fe2O3 is described by Eq. (5) 
[15]. 
 
4Fe3O4 + O2   6Fe2O3          (5) 
 
According to Eq. (5), the complete oxidation of pure Fe3O4 leads to a theoretical weight gain of 3.455 wt%. The 
isothermal simultaneous thermogravimetric/derivative thermogravimetric (TG/DTG) and DSC curves of the as-
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prepared powder were recorded at 500 °C for 3 h, as shown in Fig. 3. The sample was first heated from 50 °C to 500 
°C and then kept isothermally at 500 °C for 3 h. It is clearly that the weight gain of 3.45 wt% in the temperature up 
to 500 °C for a holding time of 47 min is very close to its theoretical value, associated with an exothermic peak at 
approximately 47 min. This implies that a chemical reaction of oxidation takes place, in which the Fe3O4 particles 
are being oxidized to D-Fe2O3 particles. With the holding time above 47 min, the weight of sample was almost 
constant, indicating that the complete phase conversion of Fe3O4 into D-Fe2O3 had accomplish, which is in good 
agreement with XRD and FTIR observations. 
 
 
Fig. 3. Isothermal simultaneous TG/DTG and DSC thermograms of the as-prepared powder at 500 °C for 3 h under oxygen atmosphere. 
 
Fig. 4 illustrates SEM images of the as-prepared sample and the sample followed by the heat treatment at 500 °C 
for 2 h. As observed, the as-prepared sample exhibits the morphology of the spherical-shaped particles with an 
average diameter of 77.2 r 16.5 nm (Fig. 4(a)). After heat treatment at 500 °C for 2 h, the annealed sample retained 
the same morphology and average particle size (76.4 r 15.6 nm) as the as-prepared sample. The average particle 
size from SEM is higher than the crystallite size calculated from Scherrer’s equation due to the particle aggregates 
observed by SEM analysis. 
 
 
Fig. 4. SEM images of (a) as-prepared powder and (b) annealed powder. 
 
The electrochemical properties of the resultant D-Fe2O3 sample were investigated by CV and galvanostatic 
charge–discharge measurements in 0.25 M Na2S2O3 solution for supercapacitor applications. Fig. 5 presents the CV 
performances of the obtained D-Fe2O3 sample recorded within the potential range between -1.2 V and -0.2 V at 
different scan rates (5 mV/s to100 mV/s). The CV graphs of the heat-treated sample are nearly symmetrical with 
minor redox peaks. It is evident that the sample shows pseudocapacitive properties. The peak current density 
increased as the scan rate increased, and the shape of the CV curves did not change greatly, indicating its good 
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electrochemical reversibility and high power characteristics [16]. The anodic peaks shift positively and the cathodic 
peaks shift negatively with increasing scan rates. The specific capacitances (Cs) calculated from the CV curves as a 
function of scan rate are displayed in the inset of Fig. 5. The specific capacitance decreased from 528.5 F/g to 163.2 
F/g as the scan rate increased from 5 mV/s to 100 mV/s. 
 
 
Fig. 5. CV curves of D-Fe2O3 sample recorded in Na2S2O3 electrolyte solution at different scan rates. The inset shows dependence of specific 
capacitance on scan rate. 
 
 
Fig. 6. Galvanostatic charge-discharge curves of D-Fe2O3 sample at various current densities recorded in Na2S2O3 electrolyte solution. 
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Fig. 7. Ragone plot of D-Fe2O3 sample at various current densities. The inset shows dependence of specific capacitance on current density. 
 
The galvanostatic charge–discharge curves of the resultant D-Fe2O3 electrode at various current densities (1 A/g 
to 5 A/g) in the potential range from -1.2 V to -0.2 V are presented in Fig. 6. It is obviously observed that the 
charge–discharge curves are similar in shape between -1.2 and -0.2 V, indicating that the supercapacitor can stably 
be performed in a wide range of current densities [17]. The specific capacitance can be calculated according to the 
corresponding galvanostatic discharge curves using Eq. (2). The influence of current density on the specific 
capacitance of the heat-treated sample is demonstrated in the inset of Fig. 7. The specific capacitance decreased 
gradually as the current density increased. This is because the movement of electric charges was out of sync with 
current rates. Only the outer active surface of electrode material is used for charge storage at fast charge–discharge 
[16]. The highest specific capacitance of 532.80 F/g is obtained at a current density of 1 A/g. The capacity retention 
is about 64% when the current density was increased from 1 to 3 A/g. Even when the current density was raised up 
to 5 A/g, the specific capacitance is still as high as 197.50 F/g (approximately 37 %). The D-Fe2O3 sample prepared 
in this work has a higher specific capacitance than those reported for Fe2O3/graphene supercapacitor [4], [18]. 
Energy density and power density of a supercapacitor electrode are necessary parameters in determining the 
electrochemical efficiency. The Ragone plot (power density vs. energy density) is also illustrated in Fig. 7. The 
energy density of the obtained D-Fe2O3 sample reached 74.00 Wh/kg at a power density of 0.50 kW/kg and 
decreased gradually with increasing power density. It is observed that the sample maintains an energy density of 
27.43 Wh/kg even at a high power density of 2.50 kW/kg, which is still higher than that of graphene–MnO2 hybrid 
materials (energy density of 10.03 Wh/kg at power density of 2.53 kW/kg) [11]. These observations suggest that the 
resultant D-Fe2O3 sample can be regarded as a potential electrode material for supercapacitor applications. 
4. Conclusion 
Iron oxide nanoparticles were produced by a sol–gel-hydrothermal method using ferratrane precursor, which was 
synthesized from OOPS process. The Fe3O4 nanoparticles were directly obtained through sol–gel-hydrothermal 
process and the D-Fe2O3 nanoparticles were obtained after post-synthesis heat treatment at 500 qC for 2 h under 
ambient atmosphere. In electrochemical measurements, the resultant D-Fe2O3 electrode showed pseudocapacitive 
behavior and offered high energy and power density as well as large specific capacitance. The highest energy 
density of 74.00 Wh/kg was obtained at a power density of 0.50 kW/kg. The specific capacitance can achieve a 
maximum of 532.80 F/g at a current density of 1 A/g. Moreover, the prepared electrode also exhibited good rate 
capability; the specific capacitance decreased less than 36% (64% capacity retention) as the current density was 
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increased from 1 to 3 A/g. Hence, the obtained D-Fe2O3 nanoparticles are a promising electrode material for 
electrochemical supercapacitors. 
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